Fans of Advanced Ducted Engines (ADE) will be built from light-weight materials such as carbonfibre-reinforced plastics (CFRP). Due to their low density, the aeroelastic behaviour of these fan blades is significantly different from that of conventional titanium fan blading. Calculations performed during the design of ADE fan bladings show that self-induced aerodynamic loads can significantly alter the resonant frequencies; furthermore, aerodynamic coupling of the different in-vacuo eigenmodes can occur. This is not the case for conventional titanium fan blading, where the vibration properties are largely unaffected by unsteady aerodynamic forces. It is concluded that for light-weight fan blading, it is necessary to take into account aerodynamic stiffening and aerodynamic mode coupling when computing eigenfrequencies and aeroelastic stability.
Abstract
Fans of Advanced Ducted Engines (ADE) will be built from light-weight materials such as carbonfibre-reinforced plastics (CFRP). Due to their low density, the aeroelastic behaviour of these fan blades is significantly different from that of conventional titanium fan blading. Calculations performed during the design of ADE fan bladings show that self-induced aerodynamic loads can significantly alter the resonant frequencies; furthermore, aerodynamic coupling of the different in-vacuo eigenmodes can occur. This is not the case for conventional titanium fan blading, where the vibration properties are largely unaffected by unsteady aerodynamic forces. It is concluded that for light-weight fan blading, it is necessary to take into account aerodynamic stiffening and aerodynamic mode coupling when computing eigenfrequencies and aeroelastic stability. During the design of the blading of axial-flow turbomachinery, special care has to be taken to properly tune the eigenfrequencies. This is necessary to avoid the high vibratory stresses associated with resonances between blade vibration modes and integer multiples of engine speed. Usually it is not possible to avoid engine order resonances over the whole speed range of a machine. So the design goal is to avoid them at least at high speed operation and at speeds where frequent operation is likely to occur. For an accurate prediction of the eigenfrequencies, it is important to include all relevant effects in the analysis.
The resonant frequencies of an elastic structure are determined by its inertial and elastic properties. A fan blade is an elastic structure subjected to a flow. So, in addition to inertial and elastic forces, there are self-induced unsteady aerodynamic forces acting upon the blades, which occur due to the vibration of the blading itself. Usually, it is assumed that the unsteady aerodynamic forces are much smaller than the inertial and elastic forces and can be neglected when computing the vibration characteristics of the blading. Experience has proven this assumption to be perfectly justified for metal fan blades.
Nowadays, studies are under way investigating the feasibility of fans built from advanced lightweight materials. Fig. 1 shows a design named CRISP (Counter-Rotating Integrated Shrouded Propfan) currently under study at MTU. The fan consists of two counter -rotating rotors, and the blades are planned to be built of carbon-fibre reinforced plastics. Their blade mass will be significantly lower than that of metal blades, which is why they are designed as carbon-fibre blades in the first place. As a consequence of the low mass, the inertial and elastic forces will also be smaller. Recent investigations (Crawley and Ducharme, 1989) indicate that for such bladings, significant coupling of in-vacuo eigenmodes due to unsteady aerodynamic forces occurs during flutter.
The question that is addressed in this report is how the unsteady aerodynamic forces affect the resonant frequencies of the blades. After presenting the equations of motion of blade vibration, the effect of blade mass and air density on the sensitivity of blading resonant frequencies to unsteady airloads will be briefly discussed. Subsequently, results obtained for a realistic carbon-fibre blade's resonant frequencies and eigenmodes will be given, and some conclusions concerning blade design will be outlined.
Elgenvalue Computation

Equations of Motion
The equations of motion of the blades can be conveniently formulated in terms of generalized coordinates, with the in-vacuo blade vibration modes as the degrees of freedom. The advantage of this choice is that there is no elastic or inertial coupling between the different degrees of freedom. . Fig. 2 shows the lowest four in-vacuo mode shapes of a blade. The mode shapes P s , their eigenfrequencies cos , and their generalized masses M s are computed with the NASTRAN finite-element structural code. Using a finite number, S, of degrees of freedom, the vibration of a blade can be described as S Z(x, 9, r, t) = Re ei0)tL ps P (x, e, r) (1) with elastic and inertial forces appearing on the left, and self-induced unsteady aerodynamic forces appearing on the right hand side of the equation.
Lse,ND is the generalized unsteady airload acting on the s-th in-vacuo eigenmode as a result of motion in the e-th in-vacuo mode, normalized with amplitude. The index ND indicates that the unsteady airloads depend on the number of nodal diameters, resp. the engine order of excitation, which is closely related to the inter-blade phase angle. As NB different inter-blade phase angles are possible, eq. (2) represents a set of NB systems of equations with S equations each. This yields NB*S eigenfrequencies of the blading in air, as compared to S in-vacuo eigenfrequencies. Although structural damping is important when computing amplitudes under resonant conditions it was neglected in the present investigation. The aim of the investigation was to avoid resonant conditions, i.e., to accurately predict resonant frequencies. As the blades constitute a weakly damped oscillator, the effect of structural damping on in-vacuo eigenfrequencies is considered small.
Eigenvalue Formulation
A simplifying assumption concerning the unsteady airloads has been made in eq. (2). It is assumed that the airloads depend linearly on amplitude, and that the unsteady airloads due to the different components of the vibration can be superimposed. With these assumptions, each of the NB systems of equations can be cast into the form of a standard eigenvalue problem:
where the generalized coordinates p s may be complex numbers, indicating a phase shift between the different degrees of freedom.
(A-^.I) = 0 (3)
Here, I is the unit matrix, and A is the system matrix. The elements of matrix A are: 
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The solutions of the eigenvalue problem are the eigenvectors, describing the vibration mode of the fan blade in the flow, and the eigenvalues. From the eigenvalues, aerodynamic damping and the eigenfrequencies of the fan blade in air can be calculated. Aerodynamic damping is of interest in a flutter calculation and for the computation of resonant amplitudes, and the eigenfrequencies are of interest in the present context.
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Figure 3 In-Vacuo Eigenfrequencies
When computing the eigenvalues, an additional complexity arises because the unsteady airloads depend on frequency, which is not known at the beginning of the calculation. The remedy to that is to iterate. As an initial guess the in-vacuo eigenfrequency of the blading is taken, the unsteady airloads are computed, and the eigenvalue problem is solved. With the new frequency obtained, the procedure is repeated until convergence is achieved. This procedure is adapted from flutter calculations of aircraft wings (Bisplinghoff and Ashley, 1962) .
In our applications, the iteration converged rather fast. Usually, two iterations were sufficient. Nonetheless, the computational effort to calculate the unsteady airloads is quite large. The more so, since the eigenvalue iteration has to be repeated for each eigenmode and for each inter-blade phase angle of interest. To be able to apply this procedure in a design phase, simplifications have to be made when computing the unsteady airloads. We use a timelinearized potential code (Whitehead, 1990) which is applied in a strip theory manner to account for the radial variation of relative flow and blade geometry. The assumptions made for time linearization are consistent with the assumptions made in the equations of motion.
Effect of Blade Mass and Air Density
Of course, the traditional approach for high blade mass is contained in these equations. For high blade mass, the off-diagonal elements of system matrix A as well as the second terms of the elements on the leading diagonal will be small (eq. 4). It is obvious that in that case, the in-air eigenvectors and eigenfrequencies are equal to their in-vacuo values.
High air density has the opposite effect. As the unsteady airloads depend linearly on air density, the effect of unsteady airloads on the vibration characteristics increases with increasing density. As a consequence, the eigenfrequencies will depend on inlet conditions, if they are affected by unsteady airloads.
Results
The results that will be discussed were obtained for a small-scale rig of the fan shown in fig. 1 . The rig is currently being built. It will have carbonfibre blades, and is 1 meter in diameter. More precisely, the results were obtained for an early version of rotor 2 for sea-level static inlet conditions.
The Campbell diagram given in fig. 3 shows the lowest three in-vacuo eigenfrequencies of the blade versus rotor speed. Resonances occur where the eigenfrequency curves intersect the lines of integer multiples of rotor speed. The diagram shows that the blading has been carefully designed to be free of resonances in the region around design speed and up to almost 110%. For in-air conditions, a set of NB eigenfrequency curves exists for each blade mode shape. Only some of these are relevant with regard to resonance, however. If the source of excitation is steady in the absolute frame of reference, resonance occurs if an eigenfrequency curve for the appropriate number of nodal diameters intersects an engine order line (ND=EO). The relevant eigenfrequency curves for the rotor under discussion have been plotted in fig.4 . A comparison of figs 3 and 4 reveals the importance of including self-induced unsteady airloads in the eigenfrequency analysis. For sea-level static inlet conditions, a resonance of the second mode (4ND) and fourth engine order occurs precisely at design speed, which is not acceptable. Also the resonance speed for the first mode (2ND) is very close to design speed. When raising the speed further, to 110% of design speed, the first bending component of the in-air eigenvector increases, which is coincident with the fact that the in-air eigenfrequency moves closer to that of the first in-vacuo eigenmode (see fig. 6 ).
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Conclusions
The effect of unsteady aerodynamics on the eigenfrequencies of the fan blades of advanced ducted engines has been investigated. Results obtained for a model rotor indicate that self-induced unsteady airloads can cause mode coupling and may affect the eigenfrequencies of carbon-fibre blades.
A major consequence for blading design is that, as the unsteady airloads depend on inlet parameters such as temperature and air density, the resonant frequencies of the blades will depend on the inlet conditions. Trying to avoid resonances for a range of inlet conditions will substantially add to the complexity of the design process.
